Rayleigh waves measurements are used to characterise cover concrete and mortar in the frequency range 60-180 kHz. At these frequencies, the wavelength is comparable to the size of the aggregates, and waves propagate in a multiple scattering regime. Acquired signals are then difficult to interpret due to an important incoherent part. The method proposed here is the study of the coherent waves, obtained by averaging signals over several configurations of disorder. Coherent waves give information on an equivalent homogeneous medium. To acquire a large amount of measurements with accuracy, an optimised piezoelectric source is used with a laser interferometer for reception. Adapted signal processing technique are presented to evaluate the coherent phase and group velocities and also the coherent attenuation parameter. The sensitivity of these three parameters with the properties of concrete is discussed, as well as the necessity to use coherent waves to obtain accurate results.
low. 48 Influence of grain size (sand and aggregates) was particularly underlined in [8] and [9] , com-49 paring the frequency dependence of the attenuation and pulse velocity of compression waves on 50 cement, fine mortar, coarse mortar and concrete, over the range 50-1000 kHz. In particular, only 51 coarse aggregates with a diameter greater than 5 mm have a significant influence below 200 kHz. 52 The influence of grain size is clearly visible on the attenuation of the waves while the w/c ratio 53 mainly affects the pulse velocity. 54 All these studies [5, 6, 7, 8, 9] consider through-transmission measurements. Another way to 55 characterise concrete or mortar is to use surface measurements. Rayleigh waves are well adapted 56 to the characterisation of near surface deterioration of concrete, as their penetration depth is 3.1. Concrete slabs 126 The measurements are carried out on concrete slabs of 60 cm × 60 cm × 12 cm. There are two 127 different series of concrete with different w/c and a maximum grain size (D max = 20 mm). Two The water content of concretes or mortars have been shown to have a significant influence on 132 the propagation of ultrasound [12] . In order to guarantee a constant water content of the concrete 133 slabs, they are stored immersed in water with additional lime. The water content ratio of the 134 measurements (a few hours). When the measurements were performed, the slabs had an age 136 between 6 and 10 months. At this age, the mechanical properties of concrete are assumed to be 137 stabilised. The experimental setup is similar to multi-station acquisition commonly used in geophysics 140 : a source emits a wavefield and the measurements are performed with a linear array of receivers 141 away from the source. In the present case, the source will be repetitive and the receiver will be 142 moved along a line to reproduce an array of reception points.
143
Rayleigh waves are generated with a piezoelectric transducer (Imasonic). The transducer 144 emits a compression wave and is equiped with a wedge to allow an incidence of the emitted 145 wave with the concrete slab at an angle favouring the conversion to Rayleigh waves [13] . The The reception is performed with a laser interferometer (Tempo by BossaNova Tech.). It 152 allows non contact acquisition of the normal displacement of the surface of the concrete slab. The 153 beam diameter of the laser is around 50 µm, so the measurements are point-like. A reflecting tape 154 on the concrete enhance the quality of the signals [14] . The reflective tape is carefully positioned 155 on the concrete surface to ensure that no voids are present. The laser interferometer is mounted 156 on an automatic measurement bench. The laser is moved along a line in front of the transducer 157 to have measurements at different distances of propagation d i between 10 cm and 45 cm. The 158 first reception point is taken at d 1 = 10 cm from the source to avoid near offset effects. A signal 159 is acquired every δd = 10 mm, so that the whole profile is composed of 36 signals. Figure 2 160 presents the experimental setup. To reduce the signal to noise ratio, each signal is time-averaged 161 over 256 acquisitions at each reception point.
162
In order to have different configurations of disorder to evaluate the coherent field, 9 parallel 163 profiles, separated of L = 40 mm, are acquired on both sides of the slabs. L was chosen so that 164 L > D max and L > λ max /2 to ensure that profiles are not correlated. As there are 5 slabs for 165 each series, we acquire a data-set of 90 different multi-station profiles for each concrete series 166 B1 and B2. Only 36 profiles were acquired for mortar series M1 and M2 as the heterogeneities amplitude is about 100 Å but the variation is very important, up to 750 Å. This effect is corrected 181 by normalising each profile by the maximum amplitude of its first signal (at offset d 1 = 10 cm).
182
Doing so, the relative amplitude variation inside a given profile remains the same, but all dif-183 ferent profiles become comparable. The absolute displacement is not needed by the following 184 signal processing methods, as they only use relative variations of phase or amplitude along the 185 propagation path.
186
Another effect of the hand positioning of the source transducer is that the transducer can-187 not be positioned exactly at the same distance from the first reception point. The difference, a 188 few millimetres, induce short time-lags between the signals from a profile to the others. These The coherent field for each series is obtained by spatially averaging the different equivalent 
Amplitude spectrum 213
The amplitude spectrum provides useful information about the propagation. The major part 214 of all the processing to evaluate phase and group velocity and the attenuation factor will be done 215 in the frequency domain. frequency is 120 kHz, and its bandwidth ranges from 60 kHz to 180 kHz. Figure 8 shows that the 220 higher frequencies are more attenuated as the distance of propagation increases; the last reception 221 points will not be suitable to evaluate the effective parameters for the higher frequencies. The coherent phase velocity v ϕ (ω) is computed using the p − ω transform. This method 225 is commonly used to study the dispersion of surface waves in geophysics [26, 27, 28, 36] . It 226 consists in transforming the entire data wave field into the slowness-frequency domain, where 227 p represents the slowness of the waves (p = 1/v ϕ ) and ω the angular frequency. It was first 228 described by McMechan and Yedlin (1981) in the time domain [25] . Mokhtar (1981) proposed 229 another formulation of this method entirely in the frequency domain which is used here [26] . 230 In the case of media with a single mode of propagation of the waves with the slowness p 0 (ω), 231 the Fourier transform over time of the coherent field s(ω, d i ) at the angular frequency ω and at 232 the distance of propagation d i can be written as:
where
The computation ofŝ(ω, p) is performed for several values of p. Given ω, the maximum of the 235 modulus |ŝ(ω, p)| is reached for p = p 0 (ω); the |ŝ(ω, p)| map is plotted as a 2-D function of p and 236 ω and the maximum locus is extracted for each frequency.
237
analysis of discrete data. All these artifacts were described by Forbriger (2003) [27]. Aliasing 239 occurs when the distance δd between two reception points is too large compared to the shortest 240 wavelength considered, while resolution is limited by the total length of the acquisition setup 241 (i.e. the distance between the first and the last receiver). In general, the longest wavelength 242 accessible (corresponding to the lowest desired frequency) is assumed to be shorter than 40-50% 243 of the total length of the acquisition setup. If this setup is too short, the estimated phase velocity 244 for the lower frequencies will be inaccurate.
245
Experimental setup presented in Sec. 3.2 was designed to take account of all these artifacts 246 and to provide accurate measurements in the bandwidth 60kHz-180kHz. For the lowest frequen-247 cies, all the reception points will be used to evaluate v ϕ (ω), to have an acquisition setup long 248 enough. For the highest frequencies, only the reception points containing enough energy at these 249 frequencies compared to the noise level will be used, as seen in Fig. 8 . in [32, 33] and is over the goal of this paper.
278
Only two reception points are theoretically needed to compute the reassigned MFA maps. As
279
we use an array of 36 reception points, it is possible to produce a variety of time-frequency maps. and are also eliminated. The coherent v g (ω) is then picked from the maxima of this average map. The attenuation factor is estimated from the decrease of the amplitude spectrum of the coher-288 ent field during propagation.
289
In the frequency domain, the amplitude A(ω, d i ) in equation (1)- (2) is assumed to take the 290 following expression (Eq. 4):
where A 1 (ω) is the amplitude of s at the first receiver located at the offset d 1 . The attenuation 292 parameter α(ω) is determined by the slope of a least-square linear fit of ln(A(ω, d i )). To elimi-293 nate small noise variation in the spectrums, a light smoothing was performed on each coherent 294 amplitude spectrums with a moving average over f . Geometrical spreading was corrected by 295 multiplying the signals by √ d i (see Sec. 4.1).
296
In the same way as for the phase velocity, the attenuation factor for lower frequencies will be 297 estimated using the whole reception points of the setup (36 reception points), while for the higher 298 frequencies only the first reception points containing enough energy will be used, according to 299 the study of Sec. 4.2. The curves are clearly distinguishable the one from the other. For a given w/c ratio of the 307 cement paste, the presence of the aggregates increases the phase velocity of about 10%. The fact 308 that the phase velocity also decreases with the increase of w/c is commonly observed [9], as a 309 high w/c ratio induces higher porosity and hence lower mechanical strength.
310
For the series with the higher w/c ratio (B2 and M2) water content may be envisaged, due to a drying of the surface of the slabs during the experiment, 320 but weight measurements showed that the water loss was negligible. It is also remarkable that values differ in dispersive media. Experimental results (Fig. 10) show some similarities with the 327 phase velocity dispersion curves (Fig. 9) . The 4 series are clearly distinguishable the one from 328 the others, and the average group velocity is close to the average phase velocity.
329
The main difference is the behaviour of the two concrete series B1 and B2. While the mortar In this frequency range, the presence of aggregates is more clearly visible on the coherent 336 group velocity dispersion curves than on the coherent phase velocity, as v g (ω) shows a particular 337 signature when aggregates are present. On the contrary, a change in the w/c ratio is more visible 338 on the coherent phase velocity measurements by the dispersion of v ϕ (ω). These two coherent 339 velocity measurements provide complementary information on the concrete or mortar. It is then 340 important to make a distinction between phase and group velocity measurements to characterise 341 concrete as their sensitivity are different in this frequency range. tar (below 80 kHz for B1-M1, and below 120 kHz for B2-M2), the effect of the aggregates is 361 negligible comparing to all other effects. As the frequency increases, the wavelength becomes 362 comparable with the aggregate size, and the attenuation parameter increases due to scattering. Coherent phase velocity, group velocity, and coherent attenuation parameter studied in the 378 section before were measured using a voluntarily high number of configuration of disorder N dis 379 for the evaluation of the coherent field : N dis = 90 for the concrete series and N dis = 36 for 380 the mortar series. As a result, the evaluation of the coherent propagation parameters are very 381 accurate and correctly take into account the heterogeneous nature of the materials. In particular, 382 coherent attenuation parameters measurements show that the difference between B1, M1 and M2 383 is very low (less than 2 Np.m −1 ), but all three series can still be compared due to the accuracy of 384 the measurements. However, it is usually not possible to acquire 90 different configurations of 385 disorder, for economic or time reason. Fig. 12 and 13 show the influence of N dis on the value of 386 the phase velocity and the attenuation factor at low frequencies (60 kHz) and high frequencies 387 (180 kHz). The value of α is much more sensitive to N dis. than v ϕ , because the relative amplitude of 393 the fluctuation of α is important compared to the stabilised value. Table 2 shows the optimal 394 number of independent configurations of disorder N opt. required to get a stable value of α (at 395 ±0.5 Np.m −1 ) or v ϕ (at ±10 m.s −1 ) at the frequency f = 180 kHz. It is clear that the evaluation 396 of coherent v ϕ requires less configurations of disorder than the evaluation of α. These values 397 of N opt. can be directly linked with the degree of heterogeneity of the material at the frequency 398 considered. In particular, concrete series need more configurations of disorder than mortar and 399 an increase of w/c increases the N opt. required. If the value of N dis. chosen for the measure-400 ments is too low, the coherent field will not be properly evaluated and the error on α or v ϕ will 401 increase; comparison between two series with very similar propagation parameters (for example 402 comparing the attenuation parameter α for B1 and M1) will not be possible. waves. Particular attention has to be drawn to the acquisition setup required by these signal pro-411 cessing tools. Another key point is the use of coherent waves, obtained by averaging the signals 412 over a large amount of configurations of disorder. Propagation parameters of the coherent waves 413 provide information on the mean mechanical properties of the concrete, avoiding effects due to
